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INTRODUCTION 

Improved  molecular  imaging  tools  are  needed  to  further  research  and  development,  and  enable 
translation  into  the  clinic  to  improve  disease  diagnosis  and  treatment.  Radioluminescence  Imaging 
(RLI)  /  Tomography  (RLT)  have  been  developed  in  this  grant  to  accomplish  these  goals.  RLI  utilizes 
biologically  compatible  phosphor  nanoparticles  to  produce  images  of  molecular  contrasts,  which  provide 
expansive  disease-specific  information.  This  is  particularly  relevant  for  breast  cancer  because  of  the 
limited  specificity  of  current  breast  cancer  imaging  tools.  Additionally,  there  is  a  lack  of  interventional 
tools  to  help  perform  image-guided  biopsies  and  surgeries.  Towards  these  goals,  year  2  of  this 
fellowship  meant  to  further  optimize  the  RLI  instrumentation  for  sensitivity,  to  develop  an  RLI  biopsy 
tool,  and  to  demonstrate  the  multiplexing  ability  of  this  modality,  which  is  a  significant  advantage  of  this 
modality  compared  to  current  molecular  imaging  tools. 

For  this  second  year  of  funding,  we  have  an  additional  1  peer-reviewed  journal  publications,  and 
4  more  conference  abstracts  for  this  project  as  a  direct  result  of  this  funding.  As  of  today,  the  total 
results  of  this  grant  are:  7  journal  publications,  including  3  first  author;  12  conference  abstracts,  and  4 
courses  taken.  Several  postdoctoral  fellows  are  now  being  mentored  and  working  in  RLI. 

For  the  second-year  training  goals,  this  grant  has  provided  for  extensive  study  in  molecular 
targeting  of  cancer,  and  the  opportunity  to  mentor  2  postdoctoral  fellows  in  RLI  and  molecular  imaging. 
Aims  1  &  2  &  3  of  the  grant  are  completed.  Aim  4,  pre-clinical  testing  in  a  small  animal  breast  tumor 
model,  is  currently  in  preparetion.  ACURO  approval  for  the  animal  protocol  required  for  aim  4  is 
currently  under  review  with  the  DOD  (IACUC  approval  at  Stanford  is  already  granted). 

BODY 

Research  Accomplishments:  SOW  Aim  2:  Imaging  Hardware  Development:  Increased  Sensitivity 
Meeting  the  goals  outlined  in  aim  2,  we  improved  the  sensitivity  of  Radioluminescent  Imaging  by 
incorporating  leaded  glass  in  front  of  the  camera,  a  chiller,  and  a  filter  wheel.  The  3/8”  thick  glass  sheet 
was  custom  machined  (Ray-bar,  Inc)  to  attach  to  our  RLI  imager,  and  attenuates  the  X-rays  by 
>99.999%  before  they  hit  the  CCD  and  cause  increased  noise  in  the  pixels.  Due  to  this  improvement, 
we  have  seen  a  dramatic  decrease  in  the  stochastic  X-ray  noise  in  the  CCD;  this  has  enabled  integration 
times  of  over  20  seconds.  The  liquid  chiller  for  the  CCD  camera  brings  the  CCD  temperature  down  to  - 
85C. 

We  demonstrated  the  improvements  to  the  RLI  system  by  imaging  an  organic  phosphor  (PDOT) 
and  water  (H20)  with  the  old  setup  and  the  new  setup.  We  placed  the  samples  in  our  imaging  box  and 
irradiated  them  with  50  and  80  kVp  x-rays  using  a  superficial  X-ray  irradiator.  For  the  old  samples,  we 
shut  off  the  chiller  and  removed  the  X-ray  glass.  Using  ideal  gain  and  integration  settings,  signal  for  the 
PDOTs  and  H20  were  nearly  indistinguishable  from  the  noise  of  about  200  counts,  due  to  the  high  X- 
ray  noise  from  the  incident  irradiation,  and  the  dark  counts  from  thermal  noise  on  the  CCD.  After 
connecting  the  chiller  and  installing  the  leaded  glass  in  front  of  the  CCD  lens,  we  then  repeated  the 
experiment  with  ideal  settings.  As  shown  in  Figure  1,  signal  for  the  phosphor  was  increased  by  a  factor 
of  8  over  the  old  setup. 

These  improvements  have  increased  our  sensitivity  to  below  10//g/ml.  This  sensitivity  should  be 
sufficient  to  image  receptor  binding  (e.g.  VEGF  or  HER-2)  at  concentrations  of  ~15  nM,  which  is 
sufficient  for  molecular  imaging. 
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Figure  1:  RLT  system  with  improved  sensitivity,  (a)  3/8”  thick  leaded  glass  prevents  X-ray 
noise  from  hitting  the  CCD,  and  enables  longer  integration  times.  The  filter  wheel  enables 
spectral  selectivity,  (b)  Intensity  emitted  from  phosphors  (PDOT)  and  water.  The  increase 
in  intensity  of  the  (new)  vs  (old)  samples  demonstrates  the  longer  integration  times  possible. 


Research  Accomplishments:  SOW  Aim  2:  Imaging  Hardware/Software  Development:  Multiplexing 
The  ability  to  image  multiple  nanoparticle-based  contrast  agents  simultaneously  is  a  key  advantage  of 
RLI  over  other  molecular  imaging  modalities,  such  as  PET,  and  many  types  of  fluorescence  imaging. 
Since  the  radioluminescent  nanoparticles  emit  optical  light  at  unique  wavelengths,  depending  on  their 
lanthanide  dopant,  we  are  able  to  selectively  image  the  unique  phosphors  with  the  use  of  optical  filters. 
We  demonstrated  this  technique  by  separating  two  distinct  nanophosphor  contrast  agents  in  gelatin 
phantoms  and  a  small  animal  phantom. 

To  enable  multiplexed  imaging,  both  hardware  and  software  were  developed.  A  filter  wheel 
(Caliper  Life  Sciences,  Alameda,  CA)  was  mounted  on  our  imager  with  2  filters  for  2  different  phosphor 
nanoparticles  (548nm:  CaF2:Tb,  700nm:  CaF2:  Eu).  Leaded  glass  was  placed  above  the  subject.  To 
form  images  of  the  concentrations,  c,  of  each  of  these  particles,  the  light  emitted,  (j> ,  was  recorded  over 
the  several  optical  spectral  regions  defined  by  filter  f  and  filter  f2  to  form  images  of  the  subject,  ij  =<p(fi) 
and  h  =<p(fi).  These  images,  and  the  pre-recorded  reference  spectra,  e,  for  Bao.55Yo.3F2:Tb  ,  (en), 
Bao.55Yo.3F2:Eu  ,  (seu),  were  input  into  a  linear-least  squares  algorithm  to  extract  the  contributions  from 
each  nanophosphor.  Reference  spectra  were  collected  with  a  calibrated  spectrometer,  thus  enabling  a 
quantitative  comparison  between  the  nanophosphors. 

To  validate  the  ability  of  this  method  to  image  multiple  nanophosphors  simultaneously,  five 
phantoms  (99%  DI  water,  1%  agarose)  were  fabricated  containing  Tb3+  and  Eu3+  doped  RLNPs  of 
linearly  varying  concentrations  (in  units  of  mg/ml)  and  mixed  in  the  following  ratios:  (0:10;  2. 5:7. 5;  5:5; 
7. 5:2. 5;  and  10:0).  Figure  2(a)  displays  the  unmixed  images  for  linearly  increasing  (top-to-bottom) 
amounts  of  Tb  -doped  RLNPs  on  the  left,  and  decreasing  (top-to-bottom)  Eu  -doped  RLNPs  on  the 
right,  at  each  concentration.  The  median  values  for  each  region  of  interest  were  plotted  with  respect  to 
concentration.  Figure  2(b)  shows  the  median  raw  signal  detected  from  each  nanophosphor 
concentration.  Figure  2(c)  demonstrates  this  method’s  efficacy  in  separating  the  nanophosphors;  the 
correlation  between  the  samples  was  (r  =  -0.98). 
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Figure  2:  (a)  Shown  are  the  Bao.55Yo.3F2:Tb  and  Bao.55Yo.3F2:Eu  phosphor  concentrations  with 
increasing/decreasing  concentration  (top-to-bottom)  of  Bao.55Yo.3F2:Tb3+  /  Bao.55Yo.3F2:Eu3+, 
respectively,  (b)  The  raw  signal  detected  for  each  respective  nanophosphor,  (c)  The  relative  median 
recovered  concentration  in  each  ROI  plotted  with  respect  to  concentration. 

To  demonstrate  this  method  in  a  pre-clinical  mouse  model,  four  batches  of  RLNPs  were  each  mixed 
with  52  |iCi  (Curie)  of  activity  of  18-F  and  Matrigel  (BD  Biosciences,  Sparks,  MD)  and  injected  into 
both  forelegs  and  flanks  of  a  euthanized  nude  mouse,  with  Eu3+-doped  RLNPs  (Eu)  only  on  the  left 
foreleg,  Tb3+-doped  RLNPs  (Tb)  only  on  the  left  flank,  an  equal  mixture  of  Eu3+-doped  RLNPs  and 
Tb3+-doped  RLNPs  (Mix)  on  the  right  flank,  and  an  inactive  undoped  nanophosphor  control  (Ctrl)  on  the 
right  foreleg.  The  locations  of  the  subcutaneously  injected  RLNPs  are  shown  in  Figure  3(a).  The 
feasibility  of  this  method  in  a  pre-clinical  subject  with  X-ray  excitation  is  shown  in  Figure  3(b)-(d). 
Tb  -doped  RLNPs  embedded  in  the  left  and  right  flanks  are  shown  successfully  recovered  in  Figure 
3(b).  The  Eu3+-doped  RLNPs  in  the  left  foreleg  and  the  right  flank  are  shown  successfully  recovered  in 
Figure  3(c).  As  a  control,  inactive  RLNPs  in  the  right  foreleg  did  not  luminesce.  Figure  3(d)  shows  the 
results  of  the  spectral  unmixing  algorithm,  with  the  Eu3+-doped  RLNPs  shown  in  red,  and  the  Tb3+- 
doped  RLNP  shown  in  green.  The  yellow  in  the  multiplexed  image  indicates  the  presence  of  both  types 
of  nanophosphors. 
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Figure  3:  X-ray  Luminescence:  (a)  Schematic  of  the  locations  of  each  type  of  RLNP.  The  inactive 
particles  are  indicated  with  the  abbreviation  (Ctrl).  (b,c)  The  unmixed  signal  from  the  Bao.55Yo.3F2:Tb 
and  Bao.55Yo.3F2:Eu  particles,  respectively,  (d)  The  unmixed  multiplexed  image  with  colorbars  for  the 
relative  concentrations  of  Bao.ssYo^iTb  and  Bao.ssYojFi^u. 

Research  Accomplishments:  SOW  Aim  2:  Imaging  Hardware:  Biopsy  Needle  -  based  RLI 
Currently,  biopsy  is  guided  by  X-ray  fluoroscopy  or  ultrasound;  these  imaging  modalities  do  not  offer 
the  ability  to  image  molecular  contrasts  of  tissue,  and  thus  are  limited  in  their  ability  to  localize  cancer. 
This  shortcoming  is  especially  true  in  small  cancerous  lesions,  where  structure  visible  by  X-rays  or 
ultrasound  is  not  yet  established;  there  is  no  current  suitable  means  to  localize  cancers  at  this  critical 
stage. 

To  meet  this  need,  as  outlined  in  Aim  2,  a  custom  biopsy  RLI  catheter  was  fabricated  to 
demonstrate  proof-of-principle  for  phosphor  image-guided  biopsy  procedures.  The  specifications  were 
to  provide  a  <  10  gauge  imaging  instrument  that  would  fit  down  the  needle  bore.  The  ability  to  image  is 
paramount  to  enable  a  visualization  of  the  target  mass,  and  to  enable  the  search  for  the  molecular 
beacon.  The  schematic  of  this  instrument,  shown  in  Figure  4,  utilizes  a  water-cooled  electron  multiplied 
CCD  (ProEM,  Princeton  Instruments)  attached  to  the  appropriate  4:1  magnification  lenses  (35mm  and 
8mm,  Edmunds  Optics,  Megapixel)  to  project  the  proximal  end  of  a  leached  fiber  bundle  (Schott,  Inc.) 
onto  the  full  CCD  field  of  view.  This  fiber  bundle  is  protected  by  a  heat  shrink  catheter  made  of  PTFE 
to  prevent  kinking  and  breaking  of  the  individual  fibers. 

Images  of  the  detection  hardware  and  lens-coupled  fiber  are  shown  in  Figure  5 .  The  biopsy 
imaging  system  was  tested  for  focus  by  imaging  a  business  card  under  white-light  illumination;  an 
example  image  is  shown  in  Figure  5c. 


Proximal  Ferrule 
2.46  mm  (diameter) 


Inflation  catheter 


35mm  &8mm 
megapixel  fixed 
focal  length  lens 


6  French  catheter  with 
a  Leached  Image  Bundle 


Distal  Ferrule 
2.19  mm  (diameter] 

V 


Wide  angle  lens  attached  to 
image  bundle  with  aluminum 
holder 


Figure  4:  Schematic  of  the  RLI  biopsy  device,  consisting  of  a  cooled  CCD,  a  filter  wheel  for 
multiplexing  ability,  and  a  lens  at  the  distal  tip. 
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Figure  5:  (a,b)  Photographs 
of  the  Radioluminescent 
Biopsy  Imaging  device, 
specifically  of  (a)  the  CCD 
camera,  filter  wheel,  and 
coupling  optics;  (b)  a  close-up 
of  the  distal  tip  of  the  catheter, 
(c)  white-light  image  of  text 
from  a  business  card  taken 
with  the  RLI  biopsy  device. 


Training  Accomplishments:  SOW  Aim  2:  Imaging  Hardware  Development 

In  performing  these  tasks,  the  investigator  gained  valuable  training  in  optical  systems  and  catheter-based 
devices.  This  experience  will  be  useful  for  future  device  development.  In  addition,  the  investigator 
gained  valuable  experience  in  working  with  small-animal  phantoms  (post-mortum)  for  more  biologically 
appropriate  phantom  demonstration,  where  the  tissue  properties  and  geometries  match  that  of  the  living 
subjects. 

Research  Accomplishments:  SOW  Aim  3:  Imaging  Hardware  Development:  Sensitivity  Comparison 
Towards  meeting  aim  3,  we  investigated  the  sensitivity  of  RLI  and  compared  it  to  the  current  state-of- 
the-art  in  fluorescence  molecular  imaging.  To  capture  sensitivity  for  the  RLI  system,  we  imaged 
decreasing  concentrations  of  CaF2:Eu,  coated  with  Au,  phosphor  mixed  with  1%  agar.  As  shown  in 
Figure  6a,  we  were  able  to  linearly  recover  concentrations  of  phosphor  to  10//g/ml,  or  about  15nM.  This 
compares  favourably  to  fluorescence  imaging,  shown  in  Figure  6b  [1],  which  has  a  sensitivity  limitation 
of  about  5nM. 

However,  RLI  can  be  improved.  As  is  apparent  in  Figure  6a,  our  investigations  have  uncovered 
a  potential  limit  to  sensitivity.  While  irradiating  water-soluble  phosphor  samples,  we  discovered  that  X- 
rays  create  optical  luminescence  in  water[2,3],  which  has  been  attributed  to  hydroxide  radicals  and 
hydrated  electrons  in  the  literature.  This  signal  adds  background  signal  to  RLI,  potentially  limiting 
sensitivity  to  20//g/ml,  or  30nM,  as  shown  below. 

After  extensive  investigations,  we  are  in  the  process  of  developing  a  technique  to  minimize  this 
effect.  Specifically,  this  technique  utilizes  the  fact  that  phosphors  after-glow,  while  water  does  not. 
Afterglow  results  from  long-lived  phosphorescent  states  in  the  phosphor  which  temporarily  traps 
electron-hole  pairs  before  they  combine  with  a  luminescent  center.  This  delay  can  be  up  to  a  few 
seconds  in  some  phosphors,  but  does  not  exist  in  water.  Thus,  after-glow  can  be  used  to  differentiate  the 
phosphor  signal  from  the  water  luminescence.  We  are  currently  experimentally  testing  this  strategy  for  a 
further  improvement  in  sensitivity. 
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Figure  6:  (a)  Sensitivity  of 
Radioluminescence 
imaging.  The  signal  from 
several  phantoms  with 
concentrations  ranging  from 
lOpg/ml  to  10  mg/ml  is 
shown  in  black.  The 
background  water 
luminescence  is  shown  in 
red.  (b)  Sensitivity  of 
fluorescence  imaging  for 
two  different  filtering 
strategies  (from  [1]).  The 
fluorescence  sensitivity  is 
limited  by  the 
autofluorescence  in  the 
tissue,  or  in  this  case,  the 
auto  fluorescence  of  lipid  in 
the  intralipid  /  Indocyanine 
green  phantom. 


KEY  RESEARCH  ACCOMPLISHMENTS 


•  Improved  instrumentation  through  leaded  glass  and  emission  filters  to  enable  sensitivity  of 
Radioluminescent  Imaging  to  30nM.  This  is  sufficient  for  molecular  imaging  in  vivo  in  small 
animals,  per  aim  4. 

•  Developed  strategy  to  remove  water-luminescent  component  to  improve  sensitivity. 

•  Demonstrated  multiplexing  ability  of  RLI  in  phantoms  and  small  animal  phantoms,  and 
completed  both  hardware  and  software  requirements. 

•  Fabricated  an  imaging  fiber-based  RLT  biopsy  system  to  demonstrate  proof-of-concept. 

•  Engaged  new  mentor,  Dr  Fred  Dirbas,  Breast  Surgeon  and  Intraoperative  Radiation  Therapy 
expert 

REPORTABLE  OUTCOMES: 

1  journal  publications,  first  author;  4  conference  abstracts,  and  2  conference  presentations;  Several 
postdoctoral  fellows  are  now  being  mentored  and  working  in  RLI. 
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Oral  Conference  Presentations: 

•  Carpenter,  CM.,  et  al..  “Towards  ntraoperative  Guidance  for  Breast  Radiotherapy,”  Presented  at  Novel  Treatment 
Delivery  Techniques,  American  Society  for  Therapeutic  Radiology  and  Oncology,  Miami,  FL,  Nov.  201 1 . 

•  Carpenter,  CM.  “Multiplexed  Radioluminescence  Tomography  for  Molecular  Imaging,”  Presented  at  the  American 
Association  of  Medical  Physics,  Vancouver,  CN. 

Journal  Publications: 

•  Carpenter  CM.,  et  al.  “Radioluminescent  Nanophosphors  Enable  Multiplexed  Small-Animal  Imaging,”  Opt  Ex, 
2012. 

CONCLUSION 

The  second  funding  period  has  focused  on  the  difficult  task  of  optimizing  the  instrumentation  to  enable 
in  vivo  Radioluminescent  Imaging.  The  incorporation  of  hardware  and  software  innovations  has 
resulted  in  nanoMolar  sensitivity,  which  is  sufficient  for  small  animal  imaging.  In  addition,  the 
multiplexing  imaging  method  is  a  vital  solution  to  the  research  and  development  of  molecular  imaging, 
by  enabling  multiple  molecular  targets  to  be  simultaneously  imaged.  This  innovation  will  result  in  a 
reduction  in  research  resources.  A  fully  functioning  fiber-based  biopsy  system  has  been  developed,  per 
aim  2.  Sensitivity  is  now  well-understood,  per  the  goal  of  Aim  3,  and  thus  research  in  live  small  animal 
models,  the  goal  of  aim  4,  is  now  appropriate.  In  addition,  this  funding  period  has  resulted  in  more 
molecular  imaging  training  for  the  PI,  and  experience  in  mentoring  other  fellows. 

The  research  and  training  completed,  and  yet-to-be  completed  in  this  grant  are  significant  for  the 
eradication  of  breast  cancer,  and  for  training  for  future  novel  tools  for  early  detection  of  breast  cancer. 
The  coursework  and  experience  gained  by  this  PI  will  be  critical  in  his  goal  to  translate  breast  cancer 
treatment  technology  into  the  clinic. 
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Abstract:  We  demonstrate  the  ability  to  image  multiple  nanoparticle-based 
contrast  agents  simultaneously  using  a  nanophosphor  platform  excited  by 
either  radiopharmaceutical  or  X-ray  irradiation.  These  radioluminescent 
nanoparticles  emit  optical  light  at  unique  wavelengths  depending  on  their 
lanthanide  dopant,  enabling  multiplexed  imaging.  This  study  demonstrates 
the  separation  of  two  distinct  nanophosphor  contrast  agents  in  gelatin 
phantoms  with  a  recovered  phosphor  separation  correlation  of  -0.98.  The 
ability  to  distinguish  the  two  nanophosphors  and  a  Cerenkov  component  is 
then  demonstrated  in  a  small  animal  phantom.  Combined  with  the  high- 
resolution  potential  of  low-scattering  X-ray  excitation,  this  imaging 
technique  may  be  a  promising  method  to  probe  molecular  processes  in 
living  organisms. 
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1.  Introduction 

The  application  of  luminescent  nanoparticles,  such  as  quantum  dots,  in  diagnostic  molecular 
imaging  is  receiving  much  attention  due  to  the  potential  to  improve  the  differentiation 
between  normal  and  malignant  tissue  by  identifying  signatures  of  disease  [1].  For  example, 
multicolored  quantum  dots  enable  the  ability  to  probe  multiple  signatures  of  disease 
simultaneously;  this  is  recognized  to  be  potentially  more  beneficial  than  visualizing  a  single 
species  [2].  Examples  of  these  molecular  markers  include  the  avp3  integrin  and  VEGF 
receptors  as  indicators  for  vascular  angiogenesis  [3],  and  the  translocation  of 
phosphatidylserine  for  apoptosis  [4].  The  advantage  of  nanoparticles  in  this  context  is  that 
they  may  be  tuned  to  emit  at  varying  wavelengths,  without  severely  altering  their  physical 
structure  [5].  Although  quantum  dots  have  been  investigated  extensively  for  biological 
applications  [6,  7],  nanophosphors  have  been  relatively  ignored.  Like  quantum  dots, 
nanophosphors  have  high  quantum  efficiencies,  sharp  emission  peaks,  high  photo  stability,  and 
emission  wavelength  tunability  [8,  9].  Nanophosphors  have  a  distinct  advantage  in  that  they 
may  emit  light  when  irradiated  by  ionizing  radiation,  a  process  called  radioluminescence.  This 
work  demonstrates  the  multiplexing  potential  of  these  nanophosphors,  using  an  exemplary 
nanophosphor  system. 

While  radioluminescence  of  phosphor  material  has  long  been  used  in  radiation  detectors, 
the  use  of  radioluminescent  nanophosphors  (RLNPs)  in  biological  contexts  is  just  beginning 
to  be  explored  [10].  Novel  applications  currently  under  investigation  for  radioluminescent 
imaging  (RLI)  include  direct  biological  feedback  of  molecular  changes  and  tumor  burden 
during  radiation  treatment.  This  information  may  be  used  as  a  means  to  enhance  radiation 
treatment  efficacy.  In  addition,  RLI  may  be  used  to  probe  molecular  information  at  a  superior 
resolution  to  other  molecular  imaging  modalities,  such  as  Fluorescence  Molecular 
Tomography  (FMT),  Positron  Emission  Tomography  (PET),  and  Single  Photon  Computed 
Emission  Tomography  (SPECT),  by  collimating  the  excitation  X-ray  beam.  This  high- 
resolution  technique,  called  X-ray  Luminescence  (Computed)  Tomography  (XLCT),  utilizes 
narrowly-collimated  X-ray  beams  to  resolve  deep-seated  RLNPs.  This  is  made  possible 
because  of  the  very  low  X-ray  scatter  in  small-animals  [11,  12]. 

This  study  demonstrates  the  potential  use  of  RLNPs  doped  with  different  rare-earth 
luminescent  centers  to  enable  multiplexed  RLI  after  excitation  by  ionizing  radiation.  In 
particular,  it  demonstrates  the  ability  to  recover  the  concentrations  of  each  RLNP  from 
multispectral  images  of  the  subject.  To  highlight  the  flexibility  of  this  technique,  multiplexed 
imaging  was  demonstrated  using  two  different  excitation  schemes:  radiopharmaceuticals  (18F) 
and  X-ray  radiation. 

2.  Methods 

2. 1  Imaging  hardware 

A  custom  imaging  system  was  built  to  image  and  measure  the  concentrations  of  the 
nanophosphor  contrast  agents.  A  512x512  pixel  back-illuminated  deep-cooled  (-70C)  CCD 
camera  (ProEM,  Princeton  Instruments,  Trenton,  NJ)  was  outfitted  with  a  F/#0.95  imaging 
lens  (DO-5095,  Navitar,  Rochester,  NY),  and  leaded  glass  was  placed  above  the  subject. 
Optical  bandpass  filters  (546nm  +/-  lOnm  for  Tb3+  doped  RLNPs,  700nm  +/-  20nm  for  Eu3+ 
doped  RLNPs;  Andover  Corporation,  Salem,  NH)  were  placed  in  front  of  the  camera  lens  to 
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selectively  collect  emitted  light  in  the  unique  spectral  regions.  A  motorized  platform  adjusted 
the  working  distance  of  the  camera  to  the  subject  and  controlled  the  field  of  view.  This 
imaging  box  was  placed  in  the  path  of  a  superficial  X-ray  unit  (Pantax  Therapax,  East  Haven, 
CT),  with  voltage  and  current  set  to  the  X-ray  tube  90keV  and  10mA.  This  system  was 
operated  remotely  from  the  control  room  of  the  X-ray  unit,  outside  the  X-ray  room  [11]. 

Optical  spectra  from  the  RLNPs  (Fig.  1(a)  and  Fig.  1(b))  was  collected  by  measuring  the 
emission  of  dry  powder  samples  in  cuvettes.  The  distal  end  of  a  10m  400pm  optical  fiber  was 
placed  in  contact  with  the  side  of  cuvettes  containing  each  sample,  while  the  proximal  end 
was  attached  to  a  spectrophotometer  (SP2150,  Princeton  Instruments)  connected  to  the  CCD 
camera,  which  was  operated  from  the  X-ray  control  room.  Optical  emission  spectra  within  the 
visible  and  NIR  range  was  acquired  with  custom  software  written  in  Fab  view  (National 
Instruments,  Austin,  TX).  By  acquiring  vertical  spectral  bins  for  each  wavelength,  image 
processing  was  used  to  remove  X-ray  noise,  which  stochastically  appeared  in  the  CCD. 
Alternatively,  Cerenkov  spectra  was  recorded  by  fitting  a  quadratic  curve  to  data  collected 
from  a  commercial  imaging  system  (I VIS  Spectrum,  Perkin  Elmer,  Waltham,  MA).  The 
signal  emitted  from  the  radiopharmaceuticals  was  verified  via  a  small  animal  Positron 
Emission  Tomography  (PET)  system  (Siemens  R4  Micro-PET,  Malvern,  PA). 


Fig.  1.  (a)  Radioluminecent  spectrum  of  the  Ba0.55Yo.3F2:Tb3+  particles,  which  emit  primarily  in 
the  green,  (b)  Radioluminecent  spectrum  of  the  Ba0.55Yo.3F2:Eu3+  particles,  which  emit 
primarily  in  the  red  and  near-infrared,  (c)  Transmission  electron  microscopy  image  of  the 
RLNPs.  (d)  Hydrodynamic  size  distribution  of  the  RLNPs  as  determined  by  dynamic  light 
scattering. 

2.2  Contrast  agent  synthesis 

In  this  study,  we  demonstrate  two  possible  dopants,  europium  (Eu3+)  and  terbium  (Tb3+).  A 
detailed  description  of  the  synthesis  of  these  particles  was  recently  described  by  Sun  et  al. 
[13].  The  host  barium  yttrium  fluoride  (Bao.55Yo.3F2)  nanocrystals  were  doped  with  either 
terbium  (0.5%)  or  europium  (0.5%)  to  produce  emission  maxima  at  541nm  and  586nm, 
respectively.  Both  RLNPs  emitted  additional  spectral  peaks  towards  the  near  infrared  (NIR)  at 
629nm  and  692nm,  respectively,  as  seen  from  Fig.  1(a)  and  Fig.  1(b);  these  emission 
wavelengths  enable  imaging  of  deeper  structures.  The  unique  signatures  emitted  by  each 
phosphor  enabled  the  ability  to  perform  multiplexing.  The  surfaces  of  the  RLNPs  were 
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modified  with  poly  (ethylene  glycol)  (PEG,  MW  600)  through  a  ligand  exchange  process  to 
achieve  colloidal  stability  in  aqueous  solutions.  These  phosphors  can  be  functionalized  with  a 
biotin  linker  bound  to  the  PEG.  Shown  in  Fig.  1(c)  is  the  transmission  electron  microscopy 
(TEM)  image  of  this  RLNP  platform  with  a  cubic  morphology  and  mean  particle  size  of 
14nm.  The  hydrodynamic  size  was  determined  by  dynamic  light  scattering  (DLS);  particles 
with  hydrodynamic  size  of  ~27nm  were  the  most  common,  as  shown  in  Fig.  1(d). 

2.3  Image  multiplexing 

To  form  images  of  the  concentrations,  c,  of  each  of  these  particles,  the  light  emitted,  was 
recorded  over  the  several  optical  spectral  regions  defined  by  filter  fi  and  filter  f2  to  form 
images  of  the  subject,  i1  =  ^f/7)  and  i2  =  (/)(fi ).  These  images,  and  the  pre-recorded  reference 
spectra,  s,  for  Bao.55Yo.3F2:Tb3+,  fe^),  Bao.55Y0.3F2:Eu3+,  feM),  and  the  Cerenkov  luminescence, 
(sen),  were  input  into  a  linear-least  squares  algorithm  to  extract  the  contributions  from  each 
nanophosphor.  Reference  spectra  was  collected  with  a  calibrated  spectrometer,  thus  enabling 
a  quantitative  comparison  between  the  nanophosphors.  Since  Cerenkov  light  was  generated 
from  the  F-18  radiotracer,  it  was  necessary  to  account  for  the  Cerenkov  component  for  the 
experiments  involving  radiotracer  excitation.  For  experiments  involving  X-ray  excitation,  the 
Cerenkov  component  was  not  present,  since  Cerenkov  light  arises  from  photons  emitted  from 
highly-energetic  charged  particles  that  are  greater  than  the  energy  of  charged  particles  created 
during  X-ray  excitation. 

2.4  Experimental  demonstration 

To  validate  the  ability  of  this  method  to  image  multiple  nanophosphors  simultaneously,  five 
phantoms  (99%  DI  water,  1%  agarose)  were  fabricated  containing  Tb3+  and  Eu3+  doped 
RLNPs  of  linearly  varying  concentrations  (in  units  of  mg/ml)  and  mixed  in  the  following 
ratios:  (0:10;  2.5:7. 5;  5:5;  7.5:2. 5;  and  10:0).  To  demonstrate  this  method  in  a  pre-clinical 
mouse  model,  four  batches  of  RLNPs  were  each  mixed  with  52  pCi  (Curie)  of  activity  of  18- 
F  and  Matrigel  (BD  Biosciences,  Sparks,  MD)  and  injected  into  both  forelegs  and  flanks  of  a 
nude  mouse,  with  Eu3+-doped  RLNPs  (Eu)  only  on  the  left  foreleg,  Tb3+-doped  RLNPs  (Tb) 
only  on  the  left  flank,  an  equal  mixture  of  Eu3+-doped  RLNPs  and  Tb3+-doped  RLNPs  (Mix) 
on  the  right  flank,  and  an  inactive  undoped  nanophosphor  control  (Ctrl)  on  the  right  foreleg. 
For  the  radioisotope-excited  experiment,  the  subject  was  imaged  immediately  after  injection. 
For  the  X-ray-excited  experiment  several  days  later  (after  the  18-F  had  fully  decayed),  the 
same  subject  was  placed  in  the  imaging  apparatus  and  excited  by  a  90keV  X-ray  source, 
which  was  transmitted  through  the  dark-box.  The  same  subject  was  imaged  with  the  X-ray 
and  radiopharmaceutical  excitation  on  separate  days  to  allow  the  radioisotope  to  decay 
thoroughly.  Concentration  images  of  the  animals  were  normalized  due  to  the  lack  of  recorded 
tissue  optical  properties. 

3.  Results 

3. 1  Phantom  validation 

Fig.  2(a)  displays  the  unmixed  images  for  linearly  increasing  (top-to-bottom)  amounts  of 
Tb3+-doped  RLNPs  on  the  left,  and  decreasing  (top-to-bottom)  Eu3+-doped  RLNPs  on  the 
right,  at  each  concentration.  The  median  values  for  each  region  of  interest  were  plotted  with 
respect  to  concentration.  Fig.  2(b)  shows  the  median  raw  signal  detected  from  each 
nanophosphor  concentration.  Fig.  2(c)  demonstrates  this  method’s  efficacy  in  separating  the 
nanophosphors;  the  correlation  between  the  samples  was  (r  =  -0.98). 
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Fig.  2.  (a)  Shown  are  the  Bao.55Yo.3F2:Tb3+  and  Bao.55Y0.3F2:Eu3+  phosphor  concentrations  with 
increasing/decreasing  concentration  (top-to-bottom)  of  Ba0.55Y0.3F2:Tb3+  /  Ba0.55Y0.3F2:Eu3+, 
respectively,  (b)  The  raw  signal  detected  for  each  respective  nanophosphor,  (c)  The  relative 
median  recovered  concentration  in  each  ROI  plotted  with  respect  to  concentration. 


3.2  Animal  phantom  validation 


The  locations  of  the  subcutaneously  injected  RLNPs  are  shown  in  Fig.  3(a).  The  feasibility  of 
this  method  in  a  pre-clinical  subject  with  X-ray  excitation  is  shown  in  Figs.  3(b)-3(d).  Tb3+- 
doped  RLNPs  embedded  in  the  left  and  right  flanks  are  shown  successfully  recovered  in  Fig. 
3(b).  The  Eu3+-doped  RLNPs  in  the  left  foreleg  and  the  right  flank  are  shown  successfully 
recovered  in  Fig.  3(c).  As  a  control,  inactive  RLNPs  in  the  right  foreleg  did  not  luminesce. 
Fig.  3(d)  shows  the  results  of  the  spectral  unmixing  algorithm,  with  the  Eu3+-doped  RLNPs 
shown  in  red,  and  the  Tb3+-doped  RLNP  shown  in  green.  The  yellow  in  the  multiplexed 
image  indicates  the  presence  of  both  types  of  nanophosphors. 

The  results  of  RLI  with  radiopharmaceutical  excitation  are  shown  in  Fig.  4  (performed 
several  days  prior  but  on  the  same  mouse  as  Fig.  3).  The  PET  image  of  the  four  injected 
regions  of  18F  with  active  and  inactive  particles  is  shown  in  Fig.  4(a);  this  image  is  included 
for  spatial  validation.  All  corners  illuminate  in  the  PET  image  because  of  the  injection  of  18F 
with  all  particles.  The  unmixed  Cerenkov  image  is  shown  in  Fig.  4(b).  Note  the  Cerenkov 
signal  in  each  region,  due  to  the  injection  of  18F  in  each  region;  these  correspond  to  the 
regions  in  the  PET  image.  In  particular,  note  the  recovery  of  the  Cerenkov  light  in  the  right 
foreleg,  which  contained  the  inactive  control  Bao.55Yo.3F2  nanocrystals  along  with  18F.  The 
successful  recovery  of  Tb3+-doped  RLNPs  and  Eu3+-doped  RLNPs  is  demonstrated  in  Figs. 
4(c)-4(d).  The  spectrally  unmixed  fused  image  is  shown  in  Fig.  4(e),  with  Eu3+-doped  RLNPs 
in  red,  Tb3+-doped  RLNPs  in  green,  and  Cerenkov  light  in  blue.  Note  that  the  doped 
nanoparticles  did  not  emit  in  the  control  foreleg. 


#162598  -$15.00  USD 
(C)  2012  OSA 


Received  7  Feb  2012;  revised  6  Apr  2012;  accepted  7  Apr  2012;  published  7  May  2012 
21  May  2012  /  Vol.  20,  No.  1 1  /  OPTICS  EXPRESS  11602 


Fig.  3.  X-ray  Luminescence:  (a)  Schematic  of  the  locations  of  each  type  of  RLNP.  The  inactive 
particles  are  indicated  with  the  abbreviation  (Ctrl).  (b,c)  The  unmixed  signal  from  the 
Bao.55Yo.3F2:Tb  and  Ba0.55Yo.3F2:Eu  particles,  respectively,  (d)  The  unmixed  multiplexed  image 
with  colorbars  for  the  relative  concentrations  of  Ba0.55Y0.3F2:Tb  and  Ba0.55Y0.3F2:Eu. 


Fig.  4.  Radiopharmaceutical  luminescence:  (a)  Positron  emission  tomography  image  of  the 
relevant  RLNPs.  (b)  The  unmixed  signal  from  Cerenkov  emission.  (c,d)  Unmixed  signal  from 
the  Bao.55Y0.3F2:Tb3+  particles  and  Bao.55Y0.3F2:Eu3+particles,  respectively,  (e)  Unmixed 
multiplexed  image  with  colorbars  for  the  relative  contributions  of  Ba0.55Y0.3F2:Tb3+, 
Bao.55Y0.3F2:Eu3+,  and  Cerenkov  emission. 

4.  Discussion  and  conclusions 

The  methods  outlined  in  this  paper  demonstrate  the  ability  of  this  particle  system  to 
simultaneously  be  used  for  multiple  types  of  RLI;  these  may  then  be  attached  to  distinct 
molecular  targets.  RLNPs  may  become  an  important  analog  to  the  current  tools  dedicated  to 
pre-clinical  imaging  due  to  their  great  versatility.  In  one  application,  if  injected  with  a 
radiopharmaceutical,  the  nanoparticles  introduced  in  this  study  would  enable  multiple¬ 
targeting;  this  could  prove  to  be  an  important  method  to  identify  the  kinetics  or  accumulation 
after  drug-injection.  These  RLNPs  may  also  aid  in  the  down-conversion  of  Cerenkov  light 
emitted  from  the  radiopharmaceutical  [14-17].  In  another  application,  these  RLNPs  may  be 
used  in  conjunction  with  X-ray  luminescence  computed  tomography  [12]  to  recover  high- 
resolution  molecular- specific  images.  In  yet  another  application,  this  RLNP  system  may  aid  in 
the  on-line  identification  of  response  to  radiation  therapy.  Through  targeting  of  molecular 
markers  specific  for  tumors,  this  method  could  provide  feedback  during  therapy  as  to  the 
status  of  treatment;  the  penetration  of  high-energy  photons  in  conjunction  with  a  light  detector 
would  ensure  the  ability  to  reach  a  larger  depth  in  tissue. 

In  conclusion,  we  have  demonstrated  a  nanoparticle  platform  for  radioluminescence 
imaging  which  may  be  used  to  image  multiple  nanophosphors  simultaneously  using  both 
radiopharmaceutical  and  X-ray  irradiation.  We  showed  an  inverse  relationship  between 
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concentrations  of  the  types  of  RLNPs,  which  showed  successful  separation  of  the  contribution 
from  the  two  emission  signals.  We  then  demonstrated  this  technology  in  a  small-animal 
model. 
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